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The mechanism by which enzymatic E colicins such as colicin E3 (ColE3) and ColE9 cross the outer
membrane, periplasm, and cytoplasmic membrane to reach the cytoplasm and thus kill Escherichia coli cells
is unique in prokaryotic biology but is poorly understood. This requires an interaction between TolB in the
periplasm and three essential residues, D35, S37, and W39, of a pentapeptide sequence called the TolB box
located in the N-terminal translocation domain of the enzymatic E colicins. Here we used site-directed
mutagenesis to demonstrate that the TolB box sequence in ColE9 is actually larger than the pentapeptide and
extends from residues 34 to 46. The affinity of the TolB box mutants for TolB was determined by surface
plasmon resonance to confirm that the loss of biological activity in all except one (N44A) of the extended TolB
box mutants correlates with a reduced affinity of binding to TolB. We used a PCR mutagenesis protocol to
isolate residues that restored activity to the inactive ColE9 D35A, S37A, and W39A mutants. A serine residue
at position 35, a threonine residue at position 37, and phenylalanine or tyrosine residues at position 39 restored
biological activity of the mutant ColE9. The average area predicted to be buried upon folding (AABUF) was
correlated with the activity of the variants at positions 35, 37, and 39 of the TolB box. All active variants had
AABUF profiles that were similar to the wild-type residues at those positions and provided information on the
size, stereochemistry, and potential folding pattern of the residues of the TolB Box.

To provide a competitive advantage for nutrient acquisition
or colonization of new environments (21, 38), many Esche-
richia coli cells secrete a ribosomally synthesized bactericidal
colicin to kill closely related nonimmune bacteria. The vast
majority of colicins exert their lethality by a C-terminal cyto-
toxic domain that either causes membrane depolarization of
the cytoplasmic membrane (the pore-forming colicins) or deg-
radation of RNA or DNA (the enzymatic colicins). Import of
the cytotoxic domain requires the cooperation of two other
separate structural domains. The first is a centrally located recep-
tor binding domain that targets the colicin to the bacterial outer
membrane, and the second is an N-terminal translocation domain
that makes contact with several proteins in the outer membrane
and periplasmic space of the cell and is believed to act as a
signaling mechanism for entry of the cytotoxic domain (4, 48).
Colicin translocation can occur via the ton-dependent system,
which is used by group B colicins having a TonB box at their N
terminus (3), or via the tol-dependent translocation system, which
is used by group A colicins such as the enzymatic E colicins (18,
23). Unlike group B colicins which cross the cell envelope by using

the proteins TonB, ExbB, and ExbD, group A colicin transloca-
tion is more varied and, depending on the colicin, involves a
combination of the proteins TolA, TolB, TolR, TolB, and Pal.
Translocation of the enzymatic colicins including colicins E9
(ColE9) and E3 (ColE3) requires a specific pentapeptide se-
quence in the N-terminal translocation region, known initially as
the TolA box (12, 31) but which is now known to interact with
TolB and is called the TolB box (2, 5). Site-directed mutagenesis
of 14 residues within the N-terminal 56 residues of ColE9 only
revealed three residues (D35, S37, and W39) where an alanine
mutation abolished colicin activity (12). Alanine substitutions of
an alternative pentapeptide sequence, DGRGH at residues 5 to
9, and conserved residues Ser 34, Gly 36, Gly 38, Ser 40, Ser 52,
and Trp 56 all had some degree of activity that suggested the TolB
box consisted of residues 35 to 39. The protein-protein interaction
between the T domain of ColE9 and TolB was demonstrated
using the yeast two-hybrid system (5), and the interaction was
abolished by any of the three alanine mutations in the TolB box
that also abolished the biological activity of the colicin.

ColE3 has been suggested to contain a TolR box adjacent to
the TolB box and may weakly interact with TolRII (20) but
appears to lack a TolA box. No interaction with TolA has been
demonstrated with any enzymatic colicin. In contrast, colicin N
has a well-defined TolA box and interacts with TolA but not
TolB (14), whereas colicin A has a TolA box, a TolB box, and
a TolR box and makes contact with TolA, TolB, and TolR (1,
20).

The interaction between the T domain of ColE9 and TolB
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has been studied using nuclear magnetic resonance (NMR),
which confirms that the T domain of ColE9, like that of colicin
N (42), E3 (36), and Ia (46), is largely unstructured and flexible
(6). The addition of unlabeled TolB to 15N-labeled ColE9
induced significant changes to the peptide NH region of the
1H-15N heteronuclear single-quantum coherence spectrum of
the colicin, which affected specific signals to residues A33, S34,
D35, W39, S40, S41, E42, N43, and N44. Although these data
suggest that the region of ColE9 that interacts with TolB may
be larger than the proposed pentapeptide (6), we cannot ex-
clude the possibility that the changes in the NMR spectrum are
the result of TolB binding-induced conformational changes in
the largely unstructured region flanking the TolB box rather
than a direct interaction between TolB and these residues. An
extension of the TolB box of colicin A to include the equivalent
residues to S40, S41, and E42 in ColE9 has been proposed
based upon deletion analysis (2), but there is no published
mutational data that confirm the role of any of these flanking
residues in the protein-protein interaction with TolB. Here we
confirm the presence of an extended TolB box in ColE9 and
investigate the possible role of some TolB box residues in the
interaction with TolB that provides valuable data to inform
models of the translocation mechanism of tol-dependent co-
licins.

MATERIALS AND METHODS

Plasmids, bacterial strains, and media. E. coli DH5� (lacZ�M15 recA1) and
E. coli JM83 [ara (�lac-proAB) rpsL �80lacZ�M15] cells were used as host
strains for cloning and mutagenesis. The ColE9/Im9 complex was expressed from
plasmid pNP69 (a derivative of pCS4, described previously [12], containing an
SacI site at bp 988) with a C-terminal His-tag on the Im9 protein to facilitate
purification (29). TolB containing its N-terminal signal sequence and a C-termi-
nal His-tag was cloned into the complementary NdeI and XhoI sites of pET21a
(Novagen), forming the plasmid pRJ376. E. coli BL21(DE3) or E. coli ER2566
were used as host strains for the expression constructs which have a strong,
isopropryl-�-D-thiogalactopyranoside-inducible T7 polymerase promoter. All
cultures were grown routinely in Luria-Bertani (LB) broth or on plates of LB
agar, supplemented when required with ampicillin (100 �g ml�1).

Site-directed mutagenesis. Site-directed mutagenesis was performed using a
two-step PCR method (34). A mutagenic primer was designed with a minimum
of six complementary bases on either side of the mutation. This was used in a
PCR with a T7 promoter primer to complete the first-stage PCR. The first-stage
PCR product was then used in a second-stage PCR with a T7 terminator primer.
For the extended TolB box mutations, pNP69 was used as the template in both
stages. For the TolB box variant mutants, plasmids pNP56, pCS9, and pNP57
(12), pET21a-based plasmids, expressing inactive ColE9 D35A, S37A, or W39A,
respectively, were used as templates so that mutations that restored activity could
be identified using the stab test assay.

Large-plate assay of colicin activity. LB agar plates containing ampicillin (100
�g ml�1) were overlaid with 5 ml of molten 0.7% (wt/vol) agar containing 100 �l
of an overnight culture of E. coli JM83 (pET21a). The test proteins were serially
diluted in potassium phosphate buffer (50 mM K2HPO4, 50 mM KH2PO4, pH 7),
and 2 �l of the diluted proteins was spotted onto the agar and allowed to dry. The
plate was incubated for 16 h at 37°C and inspected for zones of inhibition of
growth.

Protein purification. Four milliliters of an overnight LB broth culture of E. coli
BL21 cells or E. coli ER2566 cells, transformed with the appropriate plasmid, in
LB broth was used to inoculate 400 ml of LB broth, containing 100 �g ml�1

ampicillin. When an optical density at 600 nm (OD600) of 0.6 was reached, the
cells were induced by addition of isopropryl-�-D-thiogalactopyranoside to a final
concentration of 1 mM. After 2 h of induction, the cells were harvested by
centrifugation at 8,000 � g for 10 min.

Colicin wild-type and mutant/Im9 protein complexes were purified using the
following method. Cells were lysed by treatment with 5 ml of Bugbuster (Nova-
gen) at room temperature for 30 min. The cell lysate was centrifuged at 20,000
� g for 10 min at 4°C. Proteins were purified using HiTrap chelating high-
performance columns (Amersham Biosciences) connected to a BiologicLP high-

performance liquid chromatography machine (Bio-Rad). The supernatant was
filtered using a 0.2-�m-pore-size syringe filter (Millipore) and applied to the
HiTrap column that had been equilibrated with 20 mM Tris-HCl (pH 7.9)–5 mM
imidazole–0.5 M NaCl and charged with NiSO4. After application of the super-
natant, the column was washed with the equilibrating Tris buffer, and the colicin
protein was eluted using a gradient of imidazole (0 to 100%; 0 to 1 M imidazole
in 20 mM Tris-HCl, pH 7.9, 5 mM imidazole, 0.5 M NaCl). Proteins were
dialyzed in 5 liters of potassium phosphate buffer (50 mM K2HPO4, 50 mM
KH2PO4, pH 7) at 4°C for a minimum of 16 h.

ColE9 was purified without its immunity protein using denaturation of the
colicin-immunity protein complex by incubation of the complex with guanidine as
described previously (45). The free proteins were extensively dialyzed in 5 liters
of potassium phosphate buffer (50 mM K2HPO4, 50 mM KH2PO4, pH 7.4), with
at least two changes of buffer.

The TolB protein was purified using the following method. Cell pellets were
resuspended in NiC buffer (10% [vol/vol] glycerol, 25 mM NaH2PO4, pH 7.4, 50
mM NaCl) containing a complete EDTA-free protease inhibitor cocktail tablet
(Roche). The cells were lysed using sonication for 40 min (cycles of 20 s on and
20 s off). The sonicated sample was centrifuged twice at 25,000 � g for 30 min.
The supernatant was filtered using a 0.2-�m-pore-size sterile syringe filter (Mil-
lipore) and applied to a HiTrap column charged with NiSO4 and equilibrated
with 1� phosphate-buffered saline containing 0.5 M NaCl, pH 7.4. Pure protein
was eluted using an increasing 1 M imidazole (in 1� phosphate-buffered saline
containing 0.5 M NaCl, pH 7.4) gradient ranging from 0 to 100%. Proteins were
dialyzed in 5 liters of potassium phosphate buffer (50 mM K2HPO4, 50 mM
KH2PO4, pH 7.4) at 4°C for a minimum of 16 h.

Protein concentrations were calculated using Beer’s law following absorbance
readings at 280 nm.

Luminescence reporter assay. This assay makes use of an SOS-inducible
chromosomal lux operon to detect DNA damage induced by ColE9 in reporter
cells (8, 41). All assays were performed in a microtiter plate luminometer (Lucy
1; Anthos Labtech, Salzburg, Austria) at 37°C. The Luminometer, plates, and
medium were prewarmed to 37°C to prevent induction of a stress response due
to cooling. An overnight culture of E. coli DPD1718, containing a fusion of the
E. coli recA promoter region to the Photorhabdus luminescens luxCDABE re-
porter integrated into the lacZ locus of E. coli DPD1692, was diluted 1:50 in LB
broth and grown for 3 h at 37°C in the presence of 30 �g ml�1 chloramphenicol,
until the culture reached an OD492 of 0.3 to 0.4. The cells were then diluted 1:2
with LB broth (total volume, 100 �l) in black 96-well optical bottom microtiter
plates (Nunc), and 4 �l of the wild-type or mutant colicin was added. Induction
of luminescence was followed over a period of 90 min, with readings taken every
600 s. Cell density was also monitored by measuring OD492 values.

The ratios of relative luminescence units (RLU) to OD492 values were used to
calculate gamma values (8) at a time point of 50 min using the following equa-
tion, where luminescence (L) 	 RLU/OD492 nm: 
 	 (Lsample � Lcontrol)/Lcontrol.

SPR. Surface plasmon resonance (SPR) was performed using a BIAcore X
instrument from BIAcore AB (Uppsala, Sweden), operating BIAcore X control
software. Operation and maintenance procedures were carried out as detailed in
the BIAcore X instrument handbook, using BIAcore AB-certified products.
HBS-EP running buffer (10 mM HEPES [pH 7.4], 150 mM NaCl, 3 mM EDTA,
0.005% [vol/vol] surfactant P20), purchased from BIAcore AB, was used
throughout. All buffers and solutions used were filtered and degassed using
0.2-�m-pore-size sterile syringe filters (Millipore) or Steritop sterile bottle-top
filters (Millipore). Solutions filtered by syringe filter were degassed by centrifu-
gation.

The ligand was immobilized to the matrix of a newly docked CM5 sensor chip,
preequilibrated in HBS-EP running buffer (BIAcore AB) at a flow rate of 10 �l
min�1 via amine coupling. The carboxymethylated matrix in both flow cells was
activated using a mixture of 0.1 M ethyl-N-(3-diethylaminopropyl)carbodiimide
(EDC; BIAcore AB) and 0.4 M N-hydroxysuccinimide (NHS; BIAcore AB). The
protein sample was diluted in coupling buffer (10 mM sodium acetate, pH 4.5;
BIAcore AB) and injected in single-channel mode across flow cell 2 until the
required amount of protein was immobilized on the surface. Remaining active
esters in both flow cells were then deactivated using 1 M ethanolamine hydro-
chloride, pH 8.5. The final level of immobilization was determined after two
washes with HBS-EP buffer.

Measurement of binding of analytes to the immobilized protein on the CM5
sensor chip was completed at 25°C with HBS-EP running buffer using a flow rate
of 30 �l min�1. Proteins to be used as analytes were diluted in HBS-EP buffer to
the required concentration, and a 2-min injection of the diluted protein was
performed. The surface was then regenerated using a 2-min injection of 10 mM
glycine (pH 1.8). The experiment was repeated at least twice for each concen-
tration of protein. Kinetic analysis for binding of analyte to the immobilized
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ligand was achieved using BIAevaluation software version 3.1. Global analysis
was performed employing the Langmuir 1:1 binding isotherm.

RESULTS

Defining the extent of the TolB box of ColE9. An alignment
of the TolB box region of tol-dependent colicins is shown in
Fig. 1. Residues in the T domain of ColE9 that have been
shown by NMR to be affected by the binding of TolB (6) and
lie outside of the defined “TolB box” might be essential for
TolB binding. We had previously reported that the ColE9
S34A and S40A mutant protein/Im9 complexes produced very
hazy, slow-forming zones of inhibition of indicator E. coli JM83
cells in stab tests (12). We made additional alanine mutations
at residues S41, E42, N43, and N44 and then tested all six of
the purified, mutant proteins for colicin activity in a large-plate
assay (Fig. 2). At a starting concentration of 30 �M, no killing
was observed for the ColE9 S34A, S40A, and E42A mutant
protein/Im9 complexes, as with the previously described ColE9
D35A, S37A, and W39A TolB box mutants (12). As the indi-
cator cells used in this study were E. coli DH5�, it is possible

that the differences in activity of the S34A and S40A mutants
compared to our previous findings might be due to differences
in the sensitivity of the indicator strains or the longer incuba-
tion times used in the stab tests. The relative activity of the
ColE9 S41A/Im9 and N43A/Im9 mutants were identical to
ColE9/Im9 at all concentrations tested down to 5 nM. The
ColE9 N44A/Im9 mutant showed growth inhibition only at a
concentration of 30 �M.

We have recently developed a quantitative DNA damage
“reporter” assay that makes use of an SOS-inducible chromo-
somal lux operon to quantitate the DNA damage induced in
the colicin-treated E. coli DPD1718 reporter cells (41). Using
a concentration of 0.4 nM, which is within the concentration
range that produces a linear response in the reporter assay, it
is possible to accurately compare the DNA damage-inducing
activity of the ColE9 mutant protein/Im9 complexes, expressed
as a gamma value (8), at a fixed time after addition to E. coli
DPD1718 cells (41) (Table 1). The results support the large-
plate assay data as the ColE9 S34A, S40A, and E42A mutant
protein/Im9 complexes showed no significant DNA damage-
inducing activity. Interestingly, the ColE9 N44A mutant/Im9
complex retained 3% of the DNA damage-inducing activity of
the wild-type ColE9/Im9 complex, which was consistent with
the hazy zone seen at a concentration of 30 �M in the large-
plate assay (Fig. 2). The ColE9 S41A mutant/Im9 complex
retained 26% activity, while the ColE9 N43A mutant/Im9 com-
plex retained 85% activity of the ColE9/Im9 complex in this
assay.

Using previously described methods (30), we demonstrated
that the purified ColE9 S34A, S40A, E42A, and N44A mutant
protein/Im9 complexes were able to bind to BtuB receptors
and that the “free” ColE9 proteins, in which Im9 has been
removed from the complexes, exhibited DNase activity similar
to the ColE9 protein (data not shown). This confirms that the
DNase and R domains of the four mutant proteins are func-
tional, and thus these four residues are presumably required in
some way for translocation of ColE9 and could form part of an
extended TolB box as suggested by the NMR data.

FIG. 1. Alignment of the TolB box region of the tol-dependent
colicins, ColE2, ColE3, ColE7, ColE9, and ColA. The pentapeptide
TolB box sequences, consisting of residues 35 to 39 in the E colicins
and residues 11 to 15 in ColA, are underlined.

FIG. 2. Determination of the colicin activity of purified ColE9/Im9
and ColE9 S34A, S40A, S41A, E42A, N43A, and N44A mutant pro-
tein/Im9 complexes in a large plate assay.

TABLE 1. Properties of extended TolB box mutants

Mutation lux (%)a KD (�M)b

None 100 13.8 � 0.3
S34A 0 NDc

D35A 0 ND
S37A 0 ND
W39A 0 ND
S40A 0.2 ND
S41A 26 92 � 2.5d

E42A 0 ND
N43A 85 51.5 � 1.5
N44A 3 19.4 � 0.2
W46A 0.5 ND

a The lux activity induced by the addition of ColE9/Im9 complex carrying the
mutation indicated at 50 min after addition to E. coli DPD1718 cells, expressed
as a percentage of the gamma value of that of the ColE9/Im9 complex.

b KD values for the interaction of the ColE9/Im9 complex carrying the muta-
tion indicated with TolB were determined from kinetic data obtained from fitting
of sensorgrams produced for binding to TolB to the Langmuir 1:1 binding model.

c ND, the affinity was too low to be able to determine the KD value.
d This represents the lowest affinity determined. The limit of detection is based

on the concentration of purified protein and is approximately 100 �M in these
experiments.
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Affinity of T domain-TolB interactions by SPR. To deter-
mine the effect of the TolB box mutations on the affinity of the
interaction of the ColE9/Im9 mutant complexes with TolB, we
used SPR on a Biacore X biosensor. In a typical experiment, 50
nM ligand (TolB) was injected across flow cell 2 of an EDC/
NHS-activated CM5 carboxymethylated dextran surface with a
contact time of 3 min at a flow rate of 10 �l min�1. This
produced a level of immobilization of 300 resonance units
(RU), giving a calculated Rmax for ColE9/Im9 binding (assum-
ing a 1:1 binding interaction) of 187.5 RU. The analyte (ColE9/
Im9 complex) was injected in solution for 2 min at concentra-
tions of 2, 5, 10, 15, and 20 �M over the TolB chip at a flow rate
of 30 �l min�1. The resulting interaction between the ligand
and the analyte was recorded in RU, which are directly pro-
portional to the mass accumulation at the surface. After each
analyte injection, the sensor chip surface was regenerated with
a 1-min pulse of 10 mM glycine, pH 1.8.

The sensorgrams produced for the range of concentrations
of analyte used were corrected by subtraction of the data
recorded for flow cell 1 consisting of an equivalent surface
without TolB bound to it. Global analysis using BIAevaluation
software 3.1 was used to fit the corrected SPR responses to the
theoretical 1:1 Langmuir binding model. Corrected sensor-
grams and residual plots for the wild-type ColE9/Im9-TolB
interaction are shown in Fig. 3. The residual plots highlight
deviation of the experimental data from the theoretical fit and
are largest at the start and end points of the injections. The
kinetics data obtained shows that the association constant per
molar per second is 6,130 � 109 (M�1 s�1), the dissociation
constant per second is 0.0847 � 0.000574 (s�1), the association

constant per molar is 72,300 � 1,374 (M�1) and the dissocia-
tion constant per molar (KD) is 13.8 � 0.26 �M, with a chi-
square value of 2.06. A Scatchard plot of the maximum re-
corded RU/[ColE9/Im9] versus the maximum recorded RU
gave an R2 value of 0.97, indicating that the data fit the 1:1
binding model well.

The binding of the extended TolB box mutant proteins to
TolB was compared to that of the wild-type ColE9/Im9 com-
plex in SPR experiments. As expected, binding of the previ-
ously reported TolB box mutants, ColE9 D35A/Im9, S37A/
Im9, and W39A/Im9 protein complexes to TolB was not
detected by SPR (Table 1). Binding of the ColE9 S34A, S40A,
and E42A mutant protein-Im9 complexes to TolB was also not
detected in this series of SPR experiments. The ColE9 S41A/
Im9 and N43A/Im9 mutant proteins gave KD values of 92 �M
and 51.5 �M, respectively, for binding to TolB, which agreed
both with their relative lux activities of 26% and 85% in the
reporter assay (Table 1). The apparent difference in the activ-
ities of the ColE9 S41A/Im9 mutant in Fig. 2 and Table 1 is due
to the concentration range used in the large-plate assay not
being low enough to detect the difference in activity of this
mutant protein and ColE9/Im9.

The results with these mutant proteins support the hypoth-
esis of an extended TolB binding region in the T domain of
ColE9, in that alanine mutations (S34, S40, and E42) located
outside the TolB box pentapeptide region abolished both the
biological activity and TolB binding of the mutant colicins. The
most surprising result was obtained with the ColE9 N44A
mutant protein/Im9 complex which, despite having only 3% of
the activity of ColE9/Im9 in the lux reporter assay, bound to

FIG. 3. TolB interaction with ColE9 determined by SPR. Corrected sensorgrams and residual plots for titration of 2, 5, 10, 15, and 20 �M
ColE9/Im9 against TolB at 25°C are shown. The fitted kinetic data for binding are superimposed onto each sensorgram trace. The residual plots
are shown underneath and highlight deviation of the experimental data from the theoretical fit.
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TolB with a KD of 19.4 � 0.22 �M (Table 1). The difference in
properties of the ColE9 E42A, N43A, and N44A mutant pro-
tein/Im9 complexes perhaps suggests that the C-terminal
boundary of the extended TolB box is residue E42. In order to
test this hypothesis, we constructed a further alanine mutation
of residue W46. This mutant/Im9 protein exhibited 0.5% of the
activity of ColE9/Im9 in the lux reporter assay, respectively,
while binding to TolB could not be detected. This shows that
the C terminus of the TolB box extends at least to residue 46.
We did not extend the mutagenesis beyond residue 46 as res-
idues 47, 48, 49, 51, and 53 are all glycine residues that lack any
side chains and would be predicted to have little effect on the
interactions with TolB based on our studies with the G36A and
G38A variants of the TolB box, which remained biologically
active and were still able to interact with TolB (5, 12). We had
also previously made the mutation S52A that retained signifi-
cant activity in a stab test assay and did not appear to be part
of the TolB box (12). In addition NMR data indicate that TolB
binding has little effect on residues beyond N44 (6).

Effect of Im9 on ColE9 binding to TolB in SPR. In experi-
ments to quantitate protein-protein interactions of colicin N
with TolAII-III, it was observed that the KD values for binding
were 3 �M for the isolated T domain of colicin N, 8 �M for the
T plus R domains, and 18 �M for full-size colicin N (14) The
authors suggested that the TolA binding site in colicin N may
be masked by other domains of the colicin. In order to test if
this also occurred with ColE9, we injected 0.5 to 4 �M of a
truncated ColE9, which consisted only of the T plus R do-
mains, across TolB amine coupled to a CM5 chip and deter-
mined the KD value of 1.66 � 0.03 �M, which is significantly
different from the value obtained with the ColE9/Im9 complex.
When we compared the binding of free ColE9 and the ColE9/
Im9 complex to the same TolB chip, there was a significant
difference in the KD of binding of the two proteins (1.17 �
0.025 �M for ColE9 and 13.8 �M for ColE9/Im9). The chi-
square value for the ColE9 data was 4.3, and Scatchard analysis
of the data gave an R2 of 0.907, which is indicative of a good fit
of the data to the binding model. The simplest explanation for
these results is that the affinity of ColE9 to TolB immobilized
on a CM5 chip is not affected by the presence of the DNase
domain but is reduced by the binding of Im9 to the DNase
domain of ColE9. The observed results are unlikely to be due
to nonspecific binding of the positively charged DNase domain
(charge, �7.58; pI 9.56) to the negatively charged dextran
surface of the CM5 chip, in the absence of Im9 (charge, �8.6;
pI 4.43), as very high binding of ColE9 to the reference flow
cell 1 which contains no TolB bound to the CM5 chip would
also be observed.

We investigated this phenomenon in a number of ways.
During the purification of ColE9 from the ColE9/Im9 complex,
denaturation and refolding steps are required to separate Im9
from ColE9. The noncognate immunity proteins Im7, Im8, and
Im2 also bind to the DNase domain of ColE9 with KD values
of 10�4 M, 10�6 M, and 10�8 M, respectively, compared to the
figure of 10�14 M for Im9 (44). After preincubation of 2 �M of
each noncognate Im protein with 2 �M of ColE9, the resulting
complex was injected across a TolB chip, and the mean re-
sponse was recorded after 2 min. The results showed that the
relative reduction in binding of the resulting ColE9/Im com-
plexes to TolB, compared to ColE9 alone, was related to the

KD value for binding of the noncognate Im protein to the
DNase domain (Fig. 4) but not in a linear manner because
there are several differences in the nature of the complex
specificity between cognate and noncognate interactions and
also between different noncognate interactions (25, 26). This
result is consistent with the hypothesis of an effect of Im bind-
ing to the DNase domain that in some way affects binding to
TolB.

No three-dimensional structures of ColE9/Im9 and ColE9
are available to investigate a possible effect of Im9 on the T
domain, although the NMR data show that Im9 binding to
ColE9 does not affect residues 1 to 83 of the colicin (6).
However, the three-dimensional structure of the RNase
ColE3/Im3 complex showed that 83% of the Im3 surface area
is buried in the ColE3/Im3 complex and that the immunity
protein-T domain interface constitutes 40% of the buried sur-
face area (43). We thus investigated the binding of ColE3 and
ColE3/Im3 to TolB by SPR to see if a similar effect of the
presence of Im3 was observed. The results were qualitatively
very similar to those obtained with ColE9/Im9, with KD values
for the interaction with TolB of 0.92 � 0.02 �M for ColE3 and
7.07 � 0.13 �M for ColE3/Im3.

The results clearly show that the KD of the interaction of the
T plus R domain of ColE9 with TolB was very similar to that
of ColE9 itself. It is interesting that measuring the affinity of
binding for TolB by isothermal titration calorimetry (ITC)
revealed �1 �M KD values for both ColE9 and ColE9/Im9 (S.
Loftus and C. Kleanthous, personal communication), which

FIG. 4. The effect of incubation with noncognate Im proteins on
the interaction between free ColE9 and TolB. The bar chart shows a
comparison of the mean responses for a 2-min injection of ColE9,
ColE9/Im9, and ColE9 preincubated with Im9, Im2, Im8, or Im7
across TolB-amine coupled to a CM5 chip. This experiment was re-
peated with similar results on three separate occasions enabling a
mean to be generated.
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are very similar to the KD value that we have obtained with free
ColE9 by SPR. These results suggest that the specific binding
of Im9 to the DNase domain of ColE9 in some as yet unex-
plained way affects binding of the TolB box region to TolB in
an SPR experiment but not in an ITC experiment. Differences
between the KD values obtained by ITC and SPR have also
been seen in studies of the protein-protein interaction between
colicin A and the TolA domain III. This interaction was de-
tected by SPR (9) but not by ITC (14), a result that we have
also repeated with the ColA T domain and TolA domain III
proteins by using these two methods (data not shown).

Residues that restore activity to TolB box mutants. The
TolB box is contained within an 83-residue sequence that has
been shown by NMR to be disordered in solution (6), consis-
tent with crystallographic studies of the related ColE3 in com-
plex with its inhibitor protein Im3 which found that the N-
terminal 83 residues were not visible in the electron density
map (36). There is no published information on the role of any
of the essential TolB box residues (12) in the protein-protein
interaction with TolB. Similarly, although it has been reported
that it is the C-terminal �-propeller domain of TolB that in-
teracts with the T domain of ColE9 (5), there are no reported
mutants in TolB that affect this interaction. In order to obtain
information on the possible role of essential TolB box residues
in the interaction with TolB, we designed mutagenic primers to
randomly mutate the alanine residue of a biologically inactive,
ColE9 TolB box mutant to any residue.

Starting with the ColE9 D35A mutant template, a total of
353 clones were screened for activity, of which 3 (0.8%) were
active against E. coli JM83 cells in stab tests. These were
sequenced, and two contained a different aspartate codon
(GAT or GAC) and the other contained a serine codon (AGC)
(Table 2). GAT is the codon that occurs in the wild-type ColE9
gene at this position. The titer of the purified ColE9 D35S/Im9
mutant protein complex was identical to that of ColE9/Im9 in
a large-plate activity assay (data not shown). Of the inactive
clones obtained in this experiment, 45 were tested for expres-
sion of full-length ColE9 using sodium dodecyl sulfate-polyac-
rylamide gel electrophoresis. Fourteen of the 22 clones ex-
pressing full-length ColE9 and Im9 were sequenced. Six of
these contained additional mutations and therefore were dis-

counted. The remaining eight clones gave the results shown in
Table 2, which revealed eight different residues that do not re-
store colicin activity in place of the normal D35 residue in ColE9.

With the ColE9 S37A template, a total of 290 clones were
screened for activity against E. coli JM83 cells. Thirty-two
(11%) of these expressed an active colicin, and 15 of these
were sequenced, giving the results shown in Table 2. The S37
codon is TCA in ColE9, and six of the active clones sequenced
contained this codon, while four other serine codons were also
recovered. Threonine can also be tolerated at residue 37 (with
three different codons being observed) with no significant dif-
ference in biological activity when compared to ColE9 (data
not shown). Eleven inactive clones that expressed full-length
colicin were sequenced with the results shown in Table 2.

A total of 296 clones were produced after mutagenesis of the
ColE9 W39A DNA template. From this number, 21 (7%) were
active against E. coli JM83 cells in a stab test. In addition to the
tryptophan codon TGG, six phenylalanine mutations were iso-
lated (from both possible codons) and four that encoded ty-
rosine (from both possible codons) at this position (Table 2).
The ColE9 W39F mutant protein showed a colicin activity
within one doubling dilution of that of ColE9 (data not shown).
The ColE9 A39Y mutant protein produced a hazy zone in the
activity assay; therefore, it was impossible to determine an
accurate titer. Fourteen of the inactive clones that expressed a
full-length ColE9 protein were sequenced (Table 2).

SPR analysis of some of the ColE9/Im9 mutant complexes
revealed a KD for binding to TolB of 12 �M for the D35S
mutant and 24.3 �M for the S37T mutant compared to the
value of 13.8 �M obtained for ColE9/Im9. The results ob-
tained with this strategy have revealed information about al-
ternative residues that can be tolerated within the TolB box
sequence of ColE9 that will be discussed in the context of the
possible role of residues 35, 37, and 39 in an extended TolB box
sequence.

DISCUSSION

Our understanding of protein structure has been changed in
recent years by the discovery that many proteins are unfolded,
or partly folded, in their native states and only fold into an

TABLE 2. Mutations that restore colicin activity in the TolB box

D35A clones S37A clones W39A clones

Activea Inactiveb Active Inactive Active Inactive

Asp GAT Asn AAC Ser TCA (6) Gln CAA (3) Trp TGG Arg CGC (2)
Asp GAC Ile ATT Ser TCC (2) Phe TTT Phe TTT (3) Ser TCC (2)
Ser AGC Thr ACC Ser TCT (2) Pro CCT Phe TTC (3) Ser TTC

His CAC Ser TCG Pro CCC Tyr TAT (2) Ala GCG
Leu ATA Ser AGC Asp GAC Tyr TAC (2) Gln CAA
Phe TTC Thr ACA (3) Asn AAT His CAT
Arg AGA Thr ACC Leu TTG Ala GCA
Ala GCA Thr ACT Ala GCC Thr ACA

Met ATG Val GTT
Ile ATC
Ile ATT
Ile ATA

a Mutations that can replace residue 35 and restore colicin activity, with the codon found at this position in ColE9 shown in bold.
b Mutations that do not restore colicin activity to the ColE9 D35A/Im9 complex. The number in brackets shows how many clones containing that codon were

identified.

6738 HANDS ET AL. J. BACTERIOL.



ordered structure on binding a partner protein (10, 11, 40, 47).
Coupling protein folding to a protein-protein interaction could
(i) contribute to the specificity of the intermolecular recogni-
tion event (37), (ii) enhance the rate of the protein-protein
interaction (32, 35), (iii) allow a protein to bind to several
different target molecules (11, 22), and (iv) provide large pro-
tein-binding surfaces in relatively small proteins (17). The in-
trinsically disordered N-terminal domain of colicins such as
ColA, ColN, ColE3, and ColE9 bind one or more interacting
proteins and are a valuable model system to study protein-
protein interactions (6, 27, 39).

The KD value obtained from SPR experiments of 13.8 �M
for the interaction of ColE9/Im9 with TolB is the first pub-
lished data on the affinity of enzymatic E colicin/Im protein
complex for a Tol protein and is similar to the value of 10.4 �M
previously reported for the interaction of colicin A with TolB
(14). To our surprise, removal of the Im9 protein from the
ColE9/Im9 protein complex, or from ColE9/Im9 mutant pro-
tein complexes, resulted in a significant increase in the affinity
of binding of the free ColE9 or free ColE9 mutants to TolB in
SPR experiments. Data from NMR experiments have sug-
gested little effect on the N-terminal 83 residues of the T
domain of ColE9 resulting from Im9 binding (6), but Walker et
al. (43) showed a possible effect of the presence of Im3 on the
binding of the T domain of ColE3 to TolB from the presence
of a significant interface between the T domain of ColE3 and
Im3 in the crystal structure of the ColE3/Im3 complex (36). As
it is not known if the immunity protein of enzymatic colicins is
still attached to the catalytic domain when the TolB box of the
translocation domain makes contact with TolB, the influence
of Im9 cannot be discounted. Indeed, a reduction in the affinity
of the colicin/immunity interaction associated with a noncog-
nate interaction increased the affinity of the TolB box toward
TolB (Fig. 4). ITC experiments (S. Loftus and C. Kleanthous,
personal communication) investigating the interaction of TolB
with free ColE9 have demonstrated very similar KD values to
the results produced here. However, no apparent differences in
the KD values of the interaction of TolB between free ColE9 or
ColE9/Im9 complex were detected in the ITC experiment (S.
Loftus and C. Kleanthous, personal communication), indicat-
ing that care needs to be taken in the interpretation of SPR
experiments involving the interaction of ColE9/Im9 or ColE3/
Im3 complexes with TolB.

NMR data indicated that binding of TolB affects residues 34
to 44 of ColE9 (6). This led the authors to suggest that this
region may represent an extended TolB box of ColE9 or that
binding of TolB to this largely unstructured region of the T
domain of ColE9 may cause a conformational change that
extends to affect a cluster of adjoining residues. An extension
of the TolB box in ColA to include residues S16, S17, and E18
(Fig. 1) had earlier been suggested based upon sequence align-
ments and deletion analysis (2). The studies reported here
provide direct experimental evidence, through mutational and
biophysical analysis, that the TolB box of ColE9 is indeed
larger than the originally described pentapeptide sequence.
The ColE9 S34A, S40A, E42A, N44A, and W46A mutant
protein/Im9 complexes are able to bind to the colicin receptor,
BtuB, and retain DNase activity. However, each of these mu-
tant protein complexes, with the exception of the N44A mu-
tant, is inactive in vivo due to an inability to interact with TolB,

as clearly demonstrated by SPR. The NMR spectra of the
D35A and S37A mutations present in a fusion protein consist-
ing of the N-terminal 61 residues of ColE9 connected by an
8-residue linker to the DNase domain (T1–61-DNase) have
shown that the major effects of these alanine mutations are
limited to the substituted amino acid and its near neighbors
(39) and do not perturb the amino acid clusters around the
tryptophan residues of the disordered polypeptide, which are
the key structural features of the translocation domain.

The data obtained with the ColE9 S41A, N43A, and W46A/
Im9 mutants demonstrated reduced affinities of binding to
TolB, compared with ColE9/Im9, that are relative to their
biological activities in the lux assay, with the W46A/Im9 pro-
tein demonstrating the lowest affinity for TolB and relative
biological activity (Table 1). The properties of the ColE9
N44A mutant protein/Im9 complex are surprising in that it
binds to TolB with similar affinity to the ColE9/Im9 complex,
but it exhibits biological activity only at very high concentra-
tions in the large-plate assay (Fig. 2) and has only 3% of the
DNA damage-inducing activity of the ColE9/Im9 complex in
the lux reporter assay (Table 1). We thus predict that residue
N44 is not involved in binding to TolB but may have an alter-
native, important role in the translocation process.

The extended TolB box residues of ColE9 that we have
identified may interact directly with TolB residues, although
this has not been shown, or they could be essential for main-
taining intramolecular interactions that stabilize the structure
of the already recognized TolB box to allow this region to form
a direct interaction with TolB. The issue of whether an inac-
tivating mutation has an indirect effect on a protein-protein
interaction through causing structural changes or a direct effect
through leaving a structure unchanged but removing a func-
tional group that interacts with the partner protein is one that
is present in all mutational studies. For globular proteins, usu-
ally the measurement of some structural indicator, such as the
peptide circular dichroism spectra or tryptophan fluorescence
spectra, is sufficient to resolve this, but for the T1-61 region of
ColE9, neither of these methods provides conformational in-
formation because of the intrinsic disorder of the peptide. The
intrinsic disorder not only makes characterization of structural
features difficult but also makes the conformational properties
more susceptible to change induced by mutagenesis than is the
case for well-structured globular proteins. This is clearly shown
by a combined NMR and mutagenesis study of Rac1 binding to
the disordered domain of RhoGD1 (15), which highlighted the
role of mutated residues in flexible proteins affecting the tran-
sient structure of the free state of RhoGD1 important for
binding Rac1. In the absence of heteronuclear NMR data for
all of the mutants reported in this paper, we have sought to
provide some insight into whether the mutations have materi-
ally affected the conformational properties of the free T1-61
region using a predictive approach. This is based on a corre-
lation between the formation of ordered clusters of interacting
residues in the TolB box binding region and the size and
polarity of amino acid side chains as indicated by their average
area buried upon folding (AABUF) (33). As noted in the
introduction, 15N NMR relaxation time analyses revealed that
the extended TolB box region consists of dynamic clusters of
interacting residues, mainly centered around tryptophan resi-
dues at positions 39, 46, and 56, and showed that the W39A

VOL. 187, 2005 TRANSLOCATION OF COLICINS INTO E. COLI CELLS 6739



variant in particular had a profound effect on the local struc-
ture of the TolB box and affected the interacting cluster
around residues 55 to 60 (39). There is some minor clustering
of polar residues at the extreme N terminus of the transloca-
tion domain, and therefore the clustering is not entirely hydro-
phobic in character although the observed correlation with
AABUF (33) shows that the local dynamics of the TolB box
are determined partly by the size and polarity of the relevant
amino acid side chains (39). A detailed analysis of the AABUF
calculations of the TolB box region show a strong correlation
of the effect of the W39A mutation on the AABUF with the
concomitant reduction in clustering around this residue (39).
The effect on the AABUF of mutating residue 39 of T1–61-
DNase to those residues identified as active and inactive varied
by �52% and is shown in Fig. 5. The inactive alanine variant
showed the lowest AABUF compared to the wild-type protein,
with the active Phe and Tyr variants more similar to the wild-
type protein. In between these variants, however, there is a
gradual variation in AABUF for the remaining inactive sub-
stitutions. Similar plots of AABUF for the Asp35 and Ser37
active and inactive variants varied by only �5.5% over all
mutations of residue 35 and by �25.5% for mutations of res-
idue 37 (data not shown). AABUF plots of the active D35S and
S37T variants were most similar to the D35 and S37 plots,
respectively. Therefore, the AABUF results suggest that Ser,
Asn, Thr, and Ala could replace Asp at position 35 and that
Thr, Pro, Asp, Asn, and Ala could replace Ser at position 37,
with clusters similar to those of the wild-type protein being
formed. However, size and polarity are not the only things
required to form functional clusters, as our alanine mutagen-
esis data indicate by revealing that the presence of an Ala, Asn,
or Thr residue at position 35 or an Ala, Asn, Asp, or Pro at
position 37 results in an inactive colicin (Table 2). We assume
that residues 35 and 37 are TolB-contact residues in the com-
plex, positioned appropriately for interaction by the clustering
of the free T1-61 region, and that both form polar interactions

with TolB (hydrogen bonds or salt bridge in the case of Asp35).
In such a case both Pro and Ala will be inactive as they do not
have side-chain polarities sufficient for similar intermolecular
interactions. Furthermore, Thr and Asn are both more bulky,
less flexible, and less likely to form �-turns than Ser and Asp
(28), while both Asp and Asn are considerably more polar than
Ser (16), prefer to be exposed (19), and have slightly greater
radii of gyration (24) than both of the active residues Thr and
Ser. The fact that Thr can be tolerated at position 37 and not
at position 35 presumably indicates differences in the stereo-
chemical requirements of the residues at each position.

Our SPR data demonstrate an important role for residues
34, 40, 42, and 46 in binding to TolB but do not resolve whether
these residues interact directly with TolB residues. A model of
how this stretch of up to 13 residues might interact with TolB
has recently been proposed (39). The 13 residues of the ex-
tended TolB box are too small to fold into a globular domain
but are predicted to have structure. The amino acids with the
highest propensity for forming �-turns are glycine, asparagine,
proline, serine, and aspartate (7), and these constitute 10 out
of 13 residues in the sequence between 34 and 46. Predictions
using the Beta-TurnPrediction server suggest that the TolB
binding sequence will consist of two to four �-turns that form
a series of turns that runs across the surface of TolB (39). A
precedent for this kind of structure has been observed with the
protein methanol dehydrogenase that consists of two domains,
a 66-kDa eight-bladed �-propeller catalytic domain and an
8.5-kDa domain of unknown function that is essential for ac-
tivity and is layered across the surface of the �-propeller in an
extended fashion, with the N-terminal 30 residues forming a
series of turns (13). The observed effects of alanine mutations
on the clustering of residues in the largely unstructured T
domain of ColE9 implies that there are side-chain interactions
between specific residues in the TolB box that may be respon-
sible for maintaining an element of local structure rather than
specific interactions with TolB. Determination of the X-ray
structure of the T domain of ColE9 bound to TolB will be
required to confirm the model of binding to TolB.
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